GaAs-based devices are currently widely used in wireless applications owing to the advantages of high electron mobility and the availability of the semi-insulating substrate. Many efforts have been put into epitaxial growth and developments of device structures to improve the performance of GaAs based devices. 1,2 To further improve device performance, stability, as well as long-term reliability, device passivation becomes one of the most critical issues. Currently, plasma enhanced chemical vapor deposition (PECVD) with SiH 4 /NH 3 plasma chemistries is used for III-V device passivation. This process involves relatively high ion energies and low plasma density, and operates at a relatively high temperature (250-300ЊC). 3, 4 The high energy ion bombardment leads to semiconductor damage. Furthermore, significant amounts of hydrogen and oxygen can be incorporated in the dielectric film and thus cause device instability.
Experimental
The layer structure of the Schottky study consists of a 6000 Å n-type Si-doped GaAs layer (2 ϫ 10 17 cm Ϫ3 ) epitaxially grown on n ϩ -GaAs substrates with metall organic molecular beam epitaxy (MOMBE). An ohmic contact was placed on the back side of the wafer using electron-beam evaporation. The contact metallization comprised of Ge/Ni/Au-Ge/Ag/Au (50 Å/50 Å/240 Å-168 Å/500 Å/ 2000 Å) and the metallization was then alloyed at 400ЊC for 20 s. Prior to the plasma treatment, the GaAs native oxides were removed with a solution of HCl:H 2 O (1:20 mixture). The samples were then exposed to the NH 3 discharges in a Plasma Therm 790 inductively coupled plasma (ICP) system. The ICP source operates at 2 MHz with powers of 0-950 W. The sample chuck was biased from 0-100 W at 13.56 MHz. Substrate temperature was also varied from 0-260 ЊC and pressure from 5-20 mTorr. The metal was then placed on the wafer using a shadow mask to avoid any surface contamination from a photolithography process. The Schottky diode metallization consisted of Pt/Ti/Pt/Au (50 Å/250 Å/500 Å/1500 Å).
The effects of NH 3 plasma on n-GaAs were measured with Schottky diodes by examining ideality factor (n), barrier height (⌽ B ), and the reverse breakdown (V B ) of forward and reverse characteristics of Schottky diodes. All measurements were taken at room temperature using an HP 4145B semiconductor parameter analyzer.
Results and Discussion
Figure 1 (top) shows the influence of ICP source power on diode reverse breakdown voltage and forward characteristics. The reverse breakdown voltage is not proportional to the ICP power. There is not much change for ICP power under 600 W. However, the breakdown voltage increases with ICP power above 600 W. At constant rf power and pressure, as the ion density increases with ICP power, therefore dc self-bias voltage decreases with the fixed rf power, as illustrated in Fig. 2 . As the ICP power increases from 400 to 600 W, the ion density increases, however ion energy decreases. Therefore, the total damage effect on the reverse breakdown voltage for 400 and 600 W conditions are similar. At higher ICP power conditions, the high ion density bombardment becomes the dominant effect, and the diode reverse breakdown voltage further increases. There are three possible mechanisms of Schottky diode degradation for NH 3 plasma exposure. The first is ion-bombardment-induced lattice disorder that creates generation-recombination centers. The second is preferential loss of As from GaAs surface that also creates deep level states, and the third is dopant (Si) passivation by hydrogen free radicals to form neutral complexes. In this case, the first and second mechanisms are the dominant factors and ion bombardment reduces the free carrier concentration.
From the forward characteristics, as shown in Fig. 1 (bottom) , all plasma-exposed samples show increases of leakage current at low bias voltage range and reduces the Schottky barrier height. All sam-S0013-4651(98)10-105-2 CCC: $7.00 © The Electrochemical Society, Inc. ples except the control and ICP 400 W samples show high parasitic resistance. Because the leakage current at the low bias region is governed by the metal-interface, this result suggests that all the plasma conditions used in this study create some degree of surface damage. This damage may occur through the preferential loss of As from GaAs surface. The high parasitic resistance for the higher ICP power is primarily due to ion-bombardment-induced lattice disorder which reduces the free carrier density. This is consistent with the reverse breakdown voltage study. These experiments do not rule out H-passivation contribution.
In the ICP etching applications, rf power is typically applied on the sample chuck to enhance the ion bombardment energy for the higher etch rates. In the case of deposition, a small amount of rf power(<10 W) is needed to enhance surface mobility of the deposited species for better step coverage, reduce dangling bonds, and increase the density of deposited films. In this study, we intentionally used higher rf power to exaggerate the damage effects. Figure 3 (top) shows the influence of rf power applied on the sample chuck on the diode reverse breakdown voltage. The reverse breakdown voltage increases with the rf power due to the increase in ion bombardment damage. The bias voltage generated by the rf power is proportional to the rf power as shown in Fig. 3 (bottom) . Also shown in Fig. 3 is the degradation of the Schottky barrier height with rf power. Figure 4 shows reverse characteristics of Schottky diodes exposed to NH 3 plasma at different chuck temperatures. As the deposition temperature increases, it enhances the hydrogen diffusion and the Si-dopant passivation. Therefore the carrier concentration decreases, and the reverse breakdown voltage increases as the deposition temperature rises. The mean-free-path increases as the gas density decreases at the higher temperature. This reduces the ion deexcitational collisions and increases the bias voltage and damage. These results suggest that the low temperature deposition is a prerequisite to minimize the hydrogen passivation effect and, as mentioned previously, both ICP and ECR systems have the capability for low temperature deposition (50ЊC).
The influence of pressure on the samples is more complicated as there are several effects competing with each other. As shown in 5 , the sample exposed with NH 3 plasma at a pressure of 10 mTorr has the highest damage. Experimentally we observed the dc self-bias voltage increase at higher operation pressure with the fixed rf and ICP power. With further increasing of pressure, the reverse breakdown voltage actually reduces mainly due to lower ion density regardless the trend of bias voltage increase. The sample with 5 mTorr pressure condition shows the least damage of all the samples which may be attributed to a minimum of ion bombardment damage and hydrogen passivation. This effect is consistently observed in forward and reverse diode results. From the diode forward bias characteristics, all the samples show high amounts of leakage current and this is due to the preferential loss of As from GaAs surface. The samples for the 10 and 15 mTorr conditions exhibit the highest parasitic resistance, which we attribute to the combination of ion damage and hydrogen passiavtion.
Conclusions
A detailed study of Si-doped n-GaAs Schottky diodes characteristics after exposures to inductively coupled plasma (ICP) NH 3 discharges was conducted. The effects of sample chuck temperature, operation pressure, ICP source powers, and rf chuck powers on diode characteristics were investigated. Both diode ideality factor and reverse breakdown voltage increase with increasing rf chuck power and ICP power because of the free carrier reduction due to the lattice disorder created by ion bombardment. A similar trend was observed with increasing of deposition temperature and pressure, however, it is mainly due to the passivation of Si dopants in GaAs donor layer by hydrogen free radicals. A high temperature process enhances the hydrogen diffusion and a high pressure produces more hydrogen free radicals. 
